Macrophage migration inhibitory factor (MIF) is a potent regulator of inflammation and cell growth. Using the El-Myc lymphoma mouse model, we demonstrate that loss of MIF markedly delays the onset of B-cell lymphoma development in vivo. The molecular basis for this MIF-loss-induced phenotype is the perturbed DNA-binding activity of E2F factors and the concomitantly enhanced tumor suppressor activity of the p53 pathway. Accordingly, premalignant MIF-null El-Myc Bcells are predisposed to delayed S-phase progression and increased apoptosis. MIF-deficient lymphomas that do arise under these conditions contain frequent ARF deletions and p53 inactivating mutations. Conversely, MIF expression is retained in tumors developed by wild-type El-Myc animals, and the presence of one or both MIF alleles is sufficient to accelerate the development of Myc-induced lymphomas. Collectively, these results indicate that MIF promotes Mycmediated tumorigenesis, at least in the B-lymphoid compartment, and implicate MIF as a mediator of malignant cell growth in vivo.
Introduction
Over the past years, macrophage migration inhibitory factor (MIF) has been recognized as a potent regulator of inflammation and cell growth. [1] [2] [3] [4] MIF was originally identified as a product of activated T cells. 5 However, subsequent work showed that MIF is almost ubiquitously expressed in various tissues, including neural, epithelial, and hematopoietic lineage cells. [6] [7] [8] [9] Studies using neutralizing antibodies implicated MIF in the development of pathologies of acute and chronic inflammation such as allograft rejection, wound repair, glomerulonephritis, inflammatory arthritis, and septic shock. 10, 11 Moreover, based on the observed correlation of MIF expression levels and clinical aggressiveness of tumors, [12] [13] [14] [15] [16] it was suggested that MIF could serve as a connection between inflammation and cancer. 17, 18 However, the process by which MIF exerts its effect on target cells is not understood.
MIF is unique among cytokines in terms of its constitutive expression by a broad spectrum of cell types and its storage within the cytoplasm. 11 Intracellularly, MIF complexes with the Jab1/CSN5 subunit of the COP9 signalosome, 19 which regulates numerous signaling pathways involved in gene expression and cell cycle control. [20] [21] [22] Several studies have indicated that activation of cell proliferation by MIF is due to a functional inactivation of the p53 tumor suppressor. 17, 18, 23 Thus, MIF overexpression extends the lifespan of primary cells in vitro, inhibits Myc-induced p53-dependent apoptosis, and protects macrophages from NO-induced apoptosis. 17 Conversely, when MIF is lost, cell survival and functions are compromised in a p53-dependent manner. 17, 18 It has been proposed that this functional suppression of p53 by MIF is based on interference with p53-dependent transcriptional activity. 17, 18 Accordingly, upregulation of MIF at sites of chronic inflammation might impair p53-dependent cellular responses towards DNA damage, and thus promote the accumulation of oncogenic mutations. 17 We previously showed that primary fibroblasts derived from MIF-deficient mice exhibit E2F-and p53-dependent growth defects and reduced susceptibility to oncogenic transformation. [23] [24] [25] Concurrent deletion of the p53 gene reversed the observed phenotype of cells deficient in MIF, providing the first genetic evidence for a functional link between MIF and the p53 tumor suppressor. 23 Here, we provide direct evidence for the tumor-promoting role of MIF in vivo. Using the Em-Myc lymphoma mouse model, we demonstrate that loss of MIF delays the onset of B-cell lymphoma development. The molecular basis for this MIF-loss-induced phenotype is the perturbed activity of E2F transcription factors and the concomitantly enhanced antiproliferative response of the ARF-p53 pathway.
Results

Loss of MIF impairs Myc-induced lymphomagenesis
Recent studies have implicated the proinflammatory macrophage migration inhibitory factor (MIF) in interfering with the activity of the p53 tumor suppressor. 17, 18, 23 Thus, MIF overexpression extends the lifespan of primary fibroblasts in vitro, inhibits Myc-induced p53-dependent apoptosis, and protects macrophages from NO-induced p53-mediated apoptosis. 17 Conversely, when MIF is lost, cell survival and functions are compromised in a p53-dependent manner. 18, 23 Since the ARF-p53 axis is the dominant tumor suppression pathway in murine fibroblasts and lymphoid cells, 30, 31 we assessed the in vivo role of MIF in Myc-induced tumorigenesis. For this purpose, we used the well-characterized Em-Myc transgenic mice, a model of human Burkitt's lymphoma. 26, 27 If MIF interfered with the mechanism of p53 activation in vivo, Figure 1a , curve I). Although the loss of one MIF allele had no statistically significant effect on tumor formation in this system ( Figure 1a , curve II), the loss of both MIF alleles markedly protected Em-Myc transgenic mice from developing lymphomas ( Figure 1a , curve III). Thus, MIF-KO Em-Myc animals exhibited a mean survival of 3.671.2 months compared to 2.671.1 months of the corresponding MIF-WT mice (Po0.0009). In addition, 33% of MIF-KO EmMyc mice were tumor free at the age of 6 months compared to only 8% of MIF-WT Em-Myc animals ( Figure 1a ). The latent period before the onset of frank disease in Em-Myc mice reflects the ability of c-Myc to induce the p53-dependent growth arrest and apoptotic programs. 31, 32 In agreement with this, heterozygous p53 þ /À Em-Myc animals developed tumors and died more rapidly compared to the corresponding p53 þ / þ controls (average survival 1.170.2 months, Figure 1a ). It should be noted that p53 À/À Em-Myc mice are not viable as they die in utero and therefore cannot be analyzed. 31, 32 To this end, we were unable to produce sufficient numbers of p53
À/À Em-Myc mice because of the reduced fertility of MIF/ p53 double mutant animals. However, collectively these results suggest that MIF deficiency enhances the activity of the p53 tumor suppressor pathway in vivo.
MIF-deficient El-Myc B cells are predisposed to increased apoptosis
Consistent with previous studies on tumor distribution in EmMyc mice, [31] [32] [33] [34] MIF-KO lymphomas involved many of the peripheral lymph nodes, including branchial, cervical, inguinal, and mesenteric sites. Flow cytometric analysis revealed that MIF-KO tumors were B220
þ IgM À pre-B-cell lymphomas and B220
þ IgM þ mature B-cell lymphomas (Figure 1b) , again similar to tumors from Em-Myc mice. [31] [32] [33] [34] Despite these similarities, MIF-deficient lymphomas displayed more pronounced 'starry sky' morphology, indicative of the extensive apoptosis (Figure 1c, d , and Supplementary Figure 1a) . In situ TUNEL analysis of representative tumor sections confirmed that apoptosis levels were higher in lymphomas derived from MIF-KO Em-Myc mice (Supplementary Figure 1b) . To further test if increased apoptosis is associated with MIF loss, we performed in situ TUNEL assays in tissues from young premalignant Em-Myc mice of different MIF genotypes and from age-matched nontransgenic animals. Although bone marrow and spleen sections from MIFWT Em-Myc mice displayed higher levels of apoptosis relative to nontransgenic B cells, loss of MIF led to further increase in apoptosis in both tissues (Figure 2a and Supplementary Figure 2a To test the possibility that the observed differences in B-cells lacking MIF were independent of Em-Myc expression, we investigated cells derived from the lymphoid organs of nontransgenic animals. The cell cycle distribution of nontransgenic MIF-WT and MIF-KO splenocytes differed insignificantly ( Figure 2c ). Yet, the spleens and lymph nodes of MIF-KO mice contained a large proportion of immature Blymphocytes compared to MIF-WT controls, irrespective of Em-Myc expression ( Figure 2d ). These accumulated immature B-cells are characterized by the expression of early differentiation markers CD23, CD43, AA4.1 (CD93), and IgM ( Figure 2d , left panels and data not shown). Thus, we conclude that MIF-deficiency affects normal B-cell differentiation. Importantly, the differentiation defect of MIF-deficient B-cells was eliminated by codeleting p53 in MIF/p53 double knockout mice (DKO) (Figure 2d , right panel and data not shown), implicating enhanced p53 activity in mediating the differentiation block of B-cells.
MIF deficiency alters the DNA-binding properties of E2F transcription factors
The antiproliferative activities of the p53 tumor suppressor can be mediated by the E2F family of transcription factors, which function both upstream and downstream of p53 regulation. 35, 36 We recently showed that loss of MIF reduces the capacity for E2Fs to activate DNA replication, thereby impairing proliferation. 25 Therefore, we examined promoter By contrast, the levels of promoter-bound E2F4 varied among different tumor isolates (Figure 3d and data not shown). Of note, however, these differences in promoter binding were not due to protein variations, since tumors from Em-Myc transgenic MIF-WT and MIF-KO mice contained similar levels of DP1, E2F1, E2F3, and E2F4, as apparent from immunoblot analysis of independent lymphoma isolates (Supplementary Figure 3a) .
MIF-deficient lymphomas contain p53 inactivating mutations and frequent ARF deletions
We next assessed the functional status of the ARF-p53 axis in MIF-KO Em-Myc lymphomas. Previous studies demonstrated that the majority of tumors (50-60%) arising in Em-Myc transgenic mice sustain p53 mutations or biallelic ARF deletion, almost always in a mutually exclusive fashion. [31] [32] [33] [34] [35] The exact mechanism of acquisition of such mutations is presently unknown, although it likely involves Myc-induced genomic instability. 37 Immunoblot analysis revealed that seven out of 24 examined MIF-KO Em-Myc tumors (29%) contained elevated levels of p53, indicative of p53 mutations (examples in Figure 4a and Supplementary Figure 4a) . To confirm that these tumors have acquired mutations in p53-regulated checkpoints, three out of seven lymphomas (tumors no. 4, 7 and 9 of Figure 4a ) were treated with DNA-damaging agents, etoposide or adriamycin, and the proportion of apoptotic cells was evaluated by TUNEL assay. For controls, we used previously characterized ARF-negative and p53-negative Em-Myc lymphoma cells. In contrast to ARF-negative lymphoma cells that contain wild-type p53 (tumor isolate C1 in Figure 4a, b) , p53-null lymphoma showed only a modest increase in apoptotic cells after DNA damage (Figure 4c) . Similarly, the pooled MIF-KO Em-Myc lymphomas showed an equally modest increase in the proportion of apoptotic cells (Figure 4c ), implying that they indeed had acquired mutations that compromise p53 function.
Out of the 24 tumors derived from MIF-KO Em-Myc mice, 15 (63%) were ARF-negative, reflecting a strong selective pressure against ARF function (examples in Figure 4a and Supplementary Figure 4a) . By contrast, 78% of tumors developed by MIF-WT Em-Myc animals retained ARF expression ( Figure 4b and Supplementary Figure 4b) , which is consistent with the previously reported frequency of ARF mutations in Em-Myc mice. 31, 32 Although ARF-deficient lymphomas generally display reduced p53 activity, 31, 32 genomic PCR using p53-specific primers revealed that 30% (two out of six examined tumors) of ARF-negative MIF-KO EmMyc lymphomas have concomitantly sustained deletions of the p53 gene (Supplementary Figure 4c) . Recent studies demonstrated that the ARF tumor suppressor inhibits cell cycle through p53-dependent and p53-independent mechanisms. [38] [39] [40] [41] [42] [43] Moreover, ARF/p53 double-null B cells are more resistant to Myc-induced apoptosis than cells lacking ARF or p53 alone. 31 At face value, these results imply that the p53-independent ARF function might be selected against in MIF-KO Em-Myc B-lymphomas. However, lymphoma lines established from ARF-negative Em-Myc tumors proliferated at faster rates compared to ARF-positive Em-Myc lymphoma cells, irrespective of the MIF status (Figure 4d) . One explanation for this is that while ARF is not induced by DNA damage, it still can potentiate p53-dependent DNA damage responses that occur in the setting of Myc-induced genomic instability. 32, 41, 42 Frequencies of p53 and ARF mutations in MIF-KO Em-Myc mice are summarized in Table 1 . Considering that only 67% of MIF-KO Em-Myc mice developed tumors by the age of 6 months (Figure 1a Immunoblot analysis showed that most of the MIF-KO and MIF-WT Em-Myc tumors expressed variant Mdm2 isoforms, reactive with an Mdm2 antibody raised against amino acids 154-167 of the protein (Figure 4a, b) . This is consistent with previous reports that Em-Myc induced tumors frequently overexpress Mdm2 or its variant splice isoforms, irrespective of whether they have retained functional ARF or p53 genes. 44, 45 To date, nearly 40 cancer-associated Mdm2 splice variants have been identified. 46 The functional significance of many Mdm2 isoforms has not been established, as recent studies have shown that at least some Mdm2 splice variants have tumor-promoting activity, 45 while others promote p53-mediated growth arrest. 44 Of note, however, MIF-KO lymphomas did not express detectable full-length Mdm2 or the p76Mdm2 isoform (Figure 4a and data not shown). The p76 isoform has previously been shown to inhibit the ability of full-length Mdm2 to destabilize p53. 47 Other mediators of Myc induced apoptosis, such as Bcl2, Bak, Bax, Bcl-xl, and Bcl-xs were variably expressed in MIF KO lymphomas (Supplementary Figure 4a ). 
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Combined, these results indicate that the overall spectrum of alterations in MIF-KO lymphomas is consistent with previous observations on Em-Myc mice. [31] [32] [33] [34] [35] Moreover, ARF and p53 loss of function contribute to the majority of the Mycinduced lymphomas arising in MIF-KO animals. However, MIF-KO tumors exhibit a significantly higher frequency of ARF mutations (approximately threefold) than MIF-WT tumors. Of note, MIF expression was retained in tumors arising in MIF-WT Em-Myc mice (Figure 4b and Supplementary Figure 4b) . Also, lymphoma lines established from these tumors expressed MIF protein at levels similar to WT fibroblasts (data not shown).
MIF deficiency does not perturb the expression of Myc target genes
We next evaluated the requirement for MIF in Myc-regulated transcriptional activation. Because of the variable nature of mutations in Em-Myc lymphomas, we used primary fibroblasts isolated from MIF-WT, MIF-KO, p53
À/À , and DKO embryos for this purpose. MEFs of the indicated genotypes were infected with recombinant retroviruses expressing Myc and examined in various cell-based assays. Immunoblot analysis of virally transduced WT and MIF-KO fibroblasts showed equivalent expression levels of the exogenous Myc protein (Figure 5a ). The levels of the key functional targets of Myc regulation, such as Cyclin A, Cyclin E, CDK2, CDK4, and p27, were also similar between the two genotypes ( Supplementary  Figure 3c) . Equivalent levels of these proteins were also observed in Myc-transduced p53 À/À and DKO MEFs (Supplementary Figure 3d ). In addition, semiquantitative RT-PCR analysis of Myc-transduced p53 À/À and DKO MEFs showed equivalent expression levels of Myc target genes CAD, GADD45, and TERT (data not shown). These results indicate that MIF deficiency does not perturb the expression of many Myc target genes. However, the levels of p21 and Apaf-1, downstream targets of p53 regulation, were higher in Myctransduced MIF-KO cells than WT cells (Figure 5a ), reflecting their higher p53 activity.
Loss of MIF enhances p53-and E2F1-mediated apoptosis
Myc-induced apoptosis in fibroblasts can be triggered by deprivation of serum survival factors. 17, 48 In several independent experiments, Myc-induced apoptosis was increased approximately two-fold by the loss of MIF and was alleviated on the p53 null background (Figure 5b) . Similar results were obtained using cyclin-dependent kinase 4 (CDK4)-and E2F1-transduced fibroblasts (Figure 5b) . However, expression of the dominant-negative E2F1 mutant (DbE2F1) which lacks the C-terminal transactivation and Rb-binding domains 25, 36 suppressed the apoptotic response of Myc-transduced MIF-KO cells down to the level of WT cells (Figure 5b ). Both Myc and CDK4 induce Rb inactivation, followed by the release of free E2Fs. 49, 50 Thus, these results indicate that MIF-deficient cells are hypersensitive to E2F1 upregulation with respect to apoptosis, and this effect can be abolished by codeleting p53.
Discussion
Traditionally, the major focus of MIF research has been on its role as a proinflammatory mediator within the immune system. 10, 11 However, based on the recently observed correlation of MIF expression levels and tumor aggressiveness it was proposed that MIF might also serve as a link between inflammation and cancer. [12] [13] [14] [15] [16] [17] Within the hematopoietic system, MIF is expressed by several cell types, including B-lymphoid, 51 T-lymphoid, 52 myeloid, 53, 54 and erythroid progenitor cells (OP, unpublished). Here, we provide direct evidence for MIF's involvement in malignant processes in vivo. Using the Em-Myc tansgenic mouse model, we demonstrate that loss of MIF delays the onset of B-cell lymphoma development. We further show that MIF-deficient premalignant Em-Myc B cells are predisposed to delayed Sphase progression and increased apoptosis. The perturbed DNA-binding by E2F factors and the concomitantly enhanced activity of the p53 tumor suppressor pathway are at the root of this MIF-loss-induced phenotype.
A functional link between MIF and p53 has been suggested in previous studies. 17, 18, 23 The data presented here implicate E2Fs in mediating this MIF-p53 connection. As we recently showed, loss of MIF augments Rb-mediated repression of E2F responsive genes and reduces the capacity for E2Fs to activate DNA replication, thereby impairing proliferation. 25 On the other hand, the proliferative response of Myc-overexpressing cells depends on the induction and activation of E2F factors, 35, 55, 56 although E2F thresholds (in particular E2F1) also determine whether cells live or die. [55] [56] [57] [58] It should be noted, however, that although both Myc and E2F1 can function as parts of multiprotein complexes that activate or repress cellular genes, neither has yet been shown to induce p53 directly. While early work suggested existence of a linear E2F1-ARF-p53 axis, more recent studies instead demonstrated that E2F1 and ARF act in parallel pathways that activate p53 in response to oncogenic signaling. 57, 58 In view of the fact that continuing E2F activity is required for S-phase progression and the survival of Myc-overexpressing cells, 35, 56 loss of the Ink4A/ARF locus therefore provides a selective advantage to tumor cells, while loss of E2Fs does not. Moreover, because p53 is more frequently mutated rather than deleted in Em-Myc lymphomas, 31, 32 ARF loss has stronger detrimental consequences for p53 inactivation than p53 point mutations.
Given that several members of the E2F family exhibit overlapping properties and collectively play complex roles in normal development and neoplastic disease, 59, 60 our data imply that the involvement of MIF in tumorigenic processes may depend on variable roles of E2Fs in different tissues. For example, E2F1, the best characterized member of the E2F family, has displayed properties of both a proto-oncogene and a tumor suppressor in different experimental settings and tissue types. 59, 60 Although the tumor-promoting and tumorsuppressive properties of E2F1 are not understood completely, they are traditionally believed to result from its ability to influence the levels apoptosis, which can be both p53-dependent and p53-independent. 59, 60 Indeed, the prevailing model of E2F regulation involves its inhibition by the Rb family proteins, while free E2F1 constitutes an oncogenic stress that activates p53. 59, 60 However, a growing body of evidence supports an alternative view where E2Fs co-operate with Rb in active repressor complexes that regulate cell cycle progression through association with cofactors, such as HDAC or BRG/BRM, and the subsequent modulation of chromatin. 60, 61 In support of the latter, interference with E2F-mediated transcriptional regulation through a dominant-negative mutant caused a general derepression of E2F-responsive genes, implying a predominant repressor role of endogenous E2Fs in cultured cells. 25, 36, 62 Moreover, Myc-induced p53-dependent apoptosis is increased in the epithelium of mice lacking E2F1, 63 while the role of E2F1 in mediating tumorigenesis can be explained by its ability to suppress rather than induce apoptosis. [64] [65] [66] Collectively, these data imply that E2Fs play complex roles in gene regulation and that apoptotic target genes of E2F1, such as p73, Apaf-1, and procaspases, may be downregulated (rather than upregulated) by E2F1 in vivo, while p53 acts to relieve this expression block. Consistent with this view, DNA binding is required for E2F1-responsive apoptosis, whereas transactivation is largely dispensable. 65, 66 Strikingly, this does not seem to be the case in MIF deficiency, as our data with DbE2F1 clearly indicate that the growth-and apoptosis-promoting E2F1 activity in MIF null cells depends on the presence of its C-terminal Rb-binding/ transactivation domain. Because Rb and its family proteins are largely inactive in Myc-or E2F-overexpressing cells, 49, 50, 56 we speculate that an Rb-independent inhibitor of E2F1 is lost in MIF-deficient cells, explaining why ectopic E2F1 has more effect in MIF-KO than WT fibroblasts. Clearly, further analysis is required to identify which endogenous proteins might interact with E2F1 that could determine its proor anti-apoptotic properties in the context of MIF deficiency.
Materials and Methods
Mice and tissue culture
The generation of MIF-knockout mice was described previously. 23 MIF 23 All animals were genotyped twice, at the time of weaning and when sacrificed. Mice were observed daily for precipitous changes in health and tumor development. Tumors that arose were harvested and processed for histological examination and protein analysis. Student's t-test was used to determine statistical significance.
Splenocytes from nontransgenic and premalignant Em-Myc mice of different MIF genotypes were derived as previously described. 28 Typically, B220
þ Thy1 À B-lymphocytes constituted up to 55% of splenic cells. Mouse embryonic fibroblasts (MEFs) were prepared from individual embryos at day 14 using standard techniques. In most experiments, MEFs were used between passages 2 and 6. Replication-defective retroviral vectors expressing c-Myc and DbE2F1 were previously described. 24 Other retroviral vectors included those encoding CDK4, E2F1, and E2F4. For viral infections, 10 5 MEFs plated onto a 6-cm dish were incubated overnight with an appropriate amount of the corresponding retroviral stock. Cells were analyzed for the corresponding protein levels 3-4 days postinfection.
Expression analysis
Semiquantitative RT-PCR was performed using whole cell RNAs prepared from exponentially growing MEFs and previously described oligonucleotide primers specific for GAPDH, CAD, GADD45, and TERT. 29 For protein analysis, aliquots of whole-cell or nuclear lysates (50-80 mg of protein) were separated on SDS-acrylamide gels and blotted onto a Protran BA85 nitrocellulose membrane (Schleicher & Schüll). They were then incubated with antibodies specific for p53 (CM-5, Novocastra), p21 (C-19), Mdm2 (SMP14), Bax (B-9), Bcl-xl (S-18), cyclin E (M-20), E2F1 (KH-95 and C-20), c-Myc (N-262), PCNA (F-2), (all from Santa Cruz Biotechnology); Bak (65371, BD Pharmingen), Bcl2 (610538), Cdk2 (C18520), Cdk4 (C18720), p27 (K25020) (all from Transduction Laboratories); p19ARF (ab80, Novus Biologicals); MAPK (3A7; Cell Signaling), and MIF (a gift from C. Metz, North Shore Hospital, Manhasset, NY).
Apoptosis assays
For DNA damage checkpoint analysis, lymphoma cells isolated from MIF-positive and MIF-negative Em-Myc transgenic mice were maintained in the presence of 5 mM etoposide or 0.34 mM adriamycin for 6 h. Cells were fixed in 4% paraformaldehyde, and then stained using TUNEL reaction (Roche).
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation (ChIP) assays were performed as previously described 29 with a few modifications. The cells were fixed with 1% formaldehyde for 1 h at room temperature with mild shaking. To stop the fixation reaction, glycine was added to a final concentration of 0.125 M. Cells were then washed with PBS and lyzed in the IP buffer containing 10 mM TrisHCl, pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1% Triton X-100 and protease inhibitors (Roche). Nuclei were collected by centrifugation (3000 Â g for 5 min), resuspended in the IP buffer, and sonicated five times with 10-s pulses. Chromatin solution was precleared with Staphylococcus aureus protein A-containing cells for 5 min at 41C. Precleared chromatin from approximately 5 Â 10 6 cells was incubated with 1 mg of the indicated antibodies and 20 ml of protein A/G Sepharose at 41C overnight. Beads were washed with the IP buffer and eluted in the TE buffer containing 0.5% SDS, followed by reversion of the crosslinking and DNA isolation by phenol extraction. Eluted material was subjected to semiquantitative PCR amplification, which was performed using the following primers: 5 0 -tagtggactgtcactttggtgg and 5 0 -cgccaatccga ttgcacgtaga for CDC2; 5 0 -cacttcccgccaggctttac and 5 0 -ccgctctccaccggtt gctc for CDC6; 5 0 -ttagagtccgaggtccatcttct and 5 0 -gggctcgtcctcgaacatatcc for p107. To normalize samples by the amount of nonspecific DNA, we amplified the Myc transgene region and/or p53, the primer sequences for which were provided by The Jackson Laboratory.
Flow cytometric analysis
Immunophenotyping was performed on MIF-positive and MIF-negative lymphomas using CD23, CD43, B220 (CD45R), IgM, and IgD antibodies (BD Pharmingen). Cells were examined on a BD FACScan analyzer with CellQuest software.
